In silico approaches for metabolites optimization have been derived from the flood of sequenced and annotated genomes. However, there exist still numerous degrees of freedom in terms of optimization algorithm approaches that can be exploited in order to enhance yield of processes which are based on biological reactions. Here, we propose an evolutionary approach aiming to suggest different mutant for augmenting ethanol yield using glycerol as substrate in Escherichia coli. We found that this algorithm, even though is far from providing the global optimum, is able to uncover genes that a global optimizer would be incapable of. By over-expressing accB, eno, dapE, and accA mutants in ethanol production was augmented up to 2 fold compared to its counterpart E. coli BW25113.
INTRODUCTION
It is a fact that systems biology is allowing the brainstorming for systematic approaches regarding the implementation of methods to optimize the synthesis of metabolites [1] . Cells have been employed as miniaturized chemical plants that produce various chemicals towards our benefits. Nevertheless, bio-based processes are generally inefficient due to the limited metabolic capacity of the cell towards the production of a desired product because the objective of microbial metabolism is different from ours [2] .
Molecular biology and metabolic engineering have emerged to provide the tools to reorient the objective of the cell. On one hand, metabolic engineering looks for gene candidates susceptible of cloning. On the other hand, genomics, metabolomics, and proteomics are currently easing the implementation of mathematical models aiming to predict reaction rates. These predictions allow to rationally choosing genes candidates for cloning or deleting. Metabolic fluxes represent the metabolic pathways and help to integrate these factors through a mathematical framework [2] .
Flux balance analysis (FBA) is a technique based on mass balances around intracellular metabolites under the pseudo-steady state assumption. Constraints-based flux analysis is a general term for optimization-based simulation techniques [2] , all mostly based on linear programming due to the lineal nature of the problem. Basically, the optimization problem is based on the reactions stoichiometric, inequality restrictions regarding particular metabolic flux, and a cellular objective. In general the optimization problem can be formulated as follows: 
FBA models typically invoke the optimization of a particular cellular objective such as ATP production, biomass formation, and minimization of metabolic adjustment; subject to network stoichiometry aiming a flux distribution [3] . Specifically, Eq.2 represents the mass balance constraints in a metabolic network where is the S m n  stoichimetric matrix ( corresponds to the number of metabolites and stands for the number of fluxes); and the constraints imposed on the magnitude of individual metabolic fluxes in order to take into account m n its reversibility or irreversibility [4] . Many efforts have been published related to quantifying each flux in the model as it hypothesizes what is the purpose of the cell when growing in a specific environment. In that matter, Knorr et al. [5] proposed a bayesian-based selection model to select metabolic objective functions departing from several hypotheses. Finally, their fitness was tested by comparing the flux obtained with previously published microarrays results [6] .
In order to identify multiple gene deletions Burgard et al. [7] based on the duality theory, transformed the bilevel formulation into a single level MILP. These approaches felt in limitations because they are only capable of proposing deletions based on binary variables. Molecular biology makes available means to control the expression of specific genes through cloning so genes overexpression is now possible. Pharkya and Maranas [8] transcribed this possibility into an algorithm that propose which gene's transcription should be controlled (up or down-regulation) to maximize productivity [8] .
We believe that all these methods are mainly concerned about finding the global minimum. However, model predictions and experimental fluxes disagree. Algorithms based on evolutionary programming present several advantages that could be boosted when maximizing metabolites using FBA. For example, genetic algorithms offer a considerable amount of individuals which are not necessarily related to the global but the first level predicts an augment in metabolite synthesis. In that regard, genetic algorithm was utilized to find gene deletions in Sacharomyces cerevisae [9] which was found to be robust and low intensive compared to the dual problem approximation. In order to complement the former study, we evaluated the performance of an optimization framework that proposes gene modulation instead of deletions in Escherichia coli (E. coli) glycerol fermentations to obtain ethanol. Finally, several non-global optimum individuals were experimentally evaluated to demonstrate the misleading fact of finding the global.
MATERIALS AND METHODS

First Level Platform Implementation
First level platform utilized is based on the stoichiometry model reported by Reed et al. [6] . In order to solve the LP problem (Eq.1) optimization tool COBRA developed in Matlab ® [10] was utilized implementing a simplex algorithm with cellular growth of the microorganism as cellular objective function (Eq.3) as follows: 
where  and  are upper and lower bounds reported by Reed et al. [6] .
Second Level Implementation
The optimization of the production of a specific biochemical mostly disagrees with the intention of the cell as its main interest constitutes to develop mechanisms to maximize the amount of biomass. This fact requires the use of a bi-level platform that consider both biomass synthesis and in our case ethanol production. The formulation of the optimization problem can be posed as: where ij is the stoichiometric coefficient of metabolite in reaction ,
 represents the flux of reaction , r represents the over-expression, knockout or regulation of a flux. The last two restrictions in the inner cycle of the optimization platform refer to the minimum growth of biomass which corresponds to the 1% of the microorganism's growth under aerobic conditions and the acceptance or rejection of the mutation for the next generation.
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For the solution of the former problem a genetic algorithm (GA) was developed. This method is a specific case of evolutionary algorithms. First, GA randomly generates an initial population. Then, a serial of selections of new generations are made based on the first population established by employing two types of children: elite and mutated and crossovered. Individuals are chosen based on comparing the ethanol flux value for the actual individual with the value obtained in a previous iteration. If the value of the actual individual is greater, then the mutation is accepted. Hence, the optimization platform capable of giving a gamma of mutated strains with an optimal cellular growth and chemical production proceeds as follows (Figure 1 ): 1) Selection of the initial point: wild type metabolic model is solved and these fluxes are initially selected to propose the next generation.
2) Generation of a population of 500,000 individuals, which are organized raw vectors with the vector flux dimensionality (1075 × 1). Each position contains a 5) New generation is generated based on mutations and crossover operations and go to step 3.
6) Stop when the number of iterations previously is reached.
This algorithm was implemented in Matlab  in a Dell OptiPlex 780 Desktop with a Intel ® Core™ 2 Duo E7600 @ 3.06 GHz 3.07 GHz processor. The time running total time was approximately 3 hours after 115 overall iterations.
3) Each flux vector is treated as a single MFA optimization problem.
4) Ethanol flux results are ordered for each individual and the top 250,000 are selected
Experimental Validation with Glycerol E. coli Fermentations
Taking into account the increasing interest from the biofuel industry towards ethanol production, the manufacture of this chemical using E. coli's metabolic pathway growing in a glycerol medium was the selected as a case of study (see formulation optimization problem Eqs.5 and 6). Figure 2 ) to evaluate the effect of the over-expression of specific genes. The strains were kept in 32.5% glycerol stocks at −80˚C. E. coli cells were initially streaked on Luria-Bertani (LB) agar plates [12] containing 50 μg/mL chloramphenicol (for those containing pCA24N-based plasmids), and incubated at 37˚C. Wild-type E. coli K-12 BW25113 was obtained from the Yale University CGSC Stock Center.
Fermentations
Strains (stored as glycerol stocks at −80˚C) were streaked onto LIU medium [13] 
Biomass
A genesis 10 UV Tremoelectron Corporation ® spectrophotometer was used to determine Optical Density in cultures at 550 nm and used as an estimate of cell concentration (1 OD = 0.34 gDW/L). Growth rate was calculated assuming a cero or first order kinetics based on experimental results.
Ethanol
Near infrared spectroscopy (NIR) was utilized to quantify the ethanol during the fermentation (FOSS ® NIR System 6500). To perform the calibration, E. coli fermentations were performed in 250 ml Erlenmeyer flasks during four days, the samples were centrifuged for 4 hours at 4000 rpm at 4˚C. The supernatant was heated for 60 minutes at 45˚C to remove ethanol in the samples and ethanol was added at different concentrations. One independent calibration was plotted. The calibration curve showed a linear correlation with the following characterristics: slope of -1209.4952, intercept 0.2419 and a r 2 value of 0.8464.
Glycerol
An Analogue Zhifong ® Refractometer was utilized to quantify the glycerol during the fermentation. To perform the calibration, fermentations were developed in 250 mL Erlenmeyer flasks during four days, the samples were centrifuged for 4 hours at 4000 rpm at 4˚C. Glycerol was added to the supernatant at different concentrations. One independent calibration was plotted. The calibration curve showed a polynomial correlation with the following characteristics: a0 of 175746, a1 of -264298, a2 of 99366 and an r 2 value of 0.8464
RESULTS AND DISCUSSION
Genetic Algorithm Results
500
,000 individuals were generated to finally obtain 30 individuals ( Table 1) . Interestingly, these mutants are not directly related to ethanol synthesis, so GA reaches to uncover non-obvius genes to optimize ethanol synthesis. First, we solved the wild LP problem to establish an initial point. The original value for ethanol production in E. coli at anaerobic conditions corresponds to 524 mmol·h
. Then, after running the GA over 115 overall iterations, we found genes whose regulation falls in [0.0557, 0.0591] flux ethanol interval. Interestingly, GA predicts overexpression for all genes found, possibly due to restrictions imposed on the optimization problem regarding growth velocity.
Equations
We tested all 30 genes proposed to observe yields after pCA24N-panD CmR; lacIq, pCA24N PT5-lac::panD+ [10] pCA24N-panE CmR; lacIq, pCA24N PT5-lac::panE+ [10] pCA24N-pgsA CmR; lacIq, pCA24N PT5-lac::pgsA+ [10] pCA24N-pheA CmR; lacIq, pCA24N PT5-lac::pheA+ [10] pCA24N-plsB CmR; lacIq, pCA24N PT5-lac::plsB+ [10] pCA24N-plsC CmR; lacIq, pCA24N PT5-lac::plsC+ [10] pCA24N-puuA CmR; lacIq, pCA24N PT5-lac::puuA+ [10] pCA24N-ribC CmR; lacIq, pCA24N PT5-lac::ribC+ [10] pCA24N-tyrB CmR; lacIq, pCA24N PT5-lac::tyrB+ [10] inducing the expression of the genes finding ( Figure  3(a)-(c) We did not find a direct cause that could explain the ethanol yield increment through overexpressing those genes as they are involved in non-direct metabolic pathways: accB and accA in fatty acid biosynthesis, eno in glycolysis and dapE in lysine biosynthesis. The complexity of the connectivity of the metabolic network in a microorganism does not allow to elucidate trough a first view all the candidates susceptible of modifying its expression so we believe that our approach constitute an interesting way elucidate stratagems for increasing ethanol synthesis by uncovering the underpinnings of the network.
CONCLUSION
Mostly all the previous work related to the optimization of the production of ethanol using metabolic engineering are mainly concerned about the global maximum. In spite of this, the model predictions and experimental results disagree. Considering that algorithms based on evolutionary programming could offer a considerable amount of individuals which are not necessarily related to the global maximum, we developed a bi-level platform able to maximize both biomass and ethanol production. Although in silico approaches are still incapable of predicting the exact experimental results due to the fact that not all variables can be considered, our main objective was to look for an answer different from single solutions. Interestingly, we found out that our platform in fact uncovered genes that were not directly related to ethanol synthesis such as accB, eno, dapE, and accA.
